Methamphetamine (METH)-associated alterations in the human striatal dopamine (DA) system have been identified with positron emission tomography (PET) imaging and post-mortem studies but have not been well correlated with behavioral changes or cumulative METH intake. Animal studies that model some aspects of human long-term METH abuse can establish dose-dependency profiles of both behavioral changes and potential brain neurotoxicities for identifying consequences of particular cumulative exposures. Based on parameters from human and our monkey pharmacokinetic studies, we modeled a prevalent human METH exposure of daily multiple doses in socially housed vervet monkeys. METH doses were escalated over 33 weeks, with final dosages resulting in estimated peak plasma METH concentrations of 1-3 mM, a range measured in human abusers. With larger METH doses, progressive increases in abnormal behavior and decreases in social behavior were observed on 'injection' days. Anxiety increased on 'no injection' days while aggression decreased throughout the study. Thereafter, during 3 weeks abstinence, differences in baseline vs post-METH behaviors were not observed. Post-mortem analysis of METH brains showed 20% lower striatal DA content while autoradiography studies of precommissural striatum showed 35% lower 3 H]raclopride binding to DA D1 and D2 receptors, respectively. Collectively, this long-term, escalating dose METH exposure modeling a human abuse pattern, not associated with high-dose binges, resulted in dose-dependent behavioral effects and caused persistent changes in presynaptic striatal DA system integrity.
INTRODUCTION
As methamphetamine (METH) abuse becomes more widespread, increases in the number of METH-dependent individuals have been reported (Lineberry and Bostwick, 2006) . Although behavioral consequences associated with long-term METH exposure have been extensively documented in METH abusers (Cretzmeyer et al, 2003; Ling et al, 2006; Meredith et al, 2005) , the corresponding magnitude and duration of brain alterations remain unclear due, in part, to the paucity of relevant human data. The framework for postulating METH-associated brain changes in humans has been derived mainly from results of experimental METH studies, predominantly in rodents (Seiden, 1985 (Seiden, , 1996 Bowyer and Holson, 1995; Davidson et al, 2001; Cadet et al, 2003) and relatively fewer in nonhuman primates (Fischman and Schuster, 1977; Melega et al, 1997; Madden et al, 2005) . The extent to which those characterizations can be generalized for interpreting METH's effects on human brain neurochemistry has remained tenuous for many years. Now, as was observed in animal studies, some METHassociated effects on the striatal dopamine (DA) system have also been consistently shown in humans, in vivo, with PET imaging, namely, lower dopamine transporter (DAT) ligand binding (15-30%) (McCann et al, 1998; Sekine et al, 2001; Volkow et al, 2001; Wang et al, 2004; Johanson et al, 2006) . A post-mortem study has also shown lower DAT ligand binding, in addition to reductions in DA and tyrosine hydroxylase protein content (Wilson et al, 1996) . Collectively, these studies are extremely valuable in highlighting brain alterations associated with METH abuse but tend to generalize other distinguishing features of dosage, drug purity, frequency of administration, and cumulative exposure that may differentiate classes of METH behavioral and brain profiles. That is, a single profile of METH abuse may not represent the optimal conceptual framework for designing behavioral and pharmacological therapies for all METH abusers.
Evidence for a METH dose dependency underlying the extent of brain and behavioral alterations can be obtained through animal studies with defined dosage regimens. Accordingly, in this study, an escalating dose METH (ED-METH) administration in socially housed vervet monkeys was used to model some aspects of a human daily multiple dose METH exposure similar to that characterized in a study of 120 METH abusers in which the majority of individuals used METH 1-3 times per day and for more than 20 days per month (Simon et al, 2002) . For modeling human plasma METH and amphetamine (AMPH) concentrations, pharmacokinetic studies were first conducted in the monkey to obtain kinetic rate parameters since METH half-life and metabolism differences between humans and animals can significantly affect overall exposure duration and interpretation of the resultant biochemical effects (Cho et al, 2001 ). Subsequently, we modeled a range of METH exposures by administering escalating doses that increased in frequency to 3 doses/day for 4 days/week. We hypothesized that such METH exposure would result in dose-dependent behavioral alterations that could be differentiated on 'injection' and 'no injection' observation days. Further, we anticipated that behavioral alterations would persist, albeit to a lesser extent, throughout a subsequent extended period of METH abstinence. Thereafter, brain analyses would document the extent of alterations in phenotypic markers associated with striatal DA and serotonin system integrity.
For this study, METH was administered to adult male vervet monkeys living in social groups containing a full range of different age/sex animals. The social housing was considered a critical component of the study design because it allowed for behavioral assessments of drug-related changes in affiliative and agonistic behaviors. Such measurements are highly relevant for behavioral models of the human condition, but are not possible to obtain in individually housed animals. Additionally, since the METH exposure extended over months and different seasons of the year, concurrent control groups were also considered necessary to account for potential time-and groupdependent behavioral changes. Without those control groups, behavioral changes that evolved independent of drug treatment could have been attributed to the METH exposure.
The post-mortem characterization of METH's effects after 3 weeks of abstinence was focused on a regional analysis of striatal DA system integrity for comparison with the results of human PET imaging studies of METH abusers who were scanned after several weeks to months of abstinence. With that correspondence, other consequences of long-term METH exposure in humans, unattainable from clinical studies, may then be acquired from more detailed analyses of the animal model. Further, upon identification of brain structures and behavioral functions altered by a particular METH exposure pattern, targeted pharmacological treatments can then be designed and evaluated before human applications.
MATERIALS AND METHODS
Vervet monkeys (Chlorocebus aethiops) were obtained from the UCLA/VA Vervet Research Colony in Sepulveda, CA and were assigned to either the METH pharmacokinetics or long-term METH exposure study. Animal care was in accordance with the National Research Council, Guide for the Care and Use of Laboratory Animals (1996) , and approved by the Institutional Animal Care and Use Committee at the University of California, Los Angeles and the Greater Los Angeles Veterans Administration.
Study 1: METH Pharmacokinetics Study
Subjects. METH-naive male animals (age range: 5-7 years; n ¼ 4) that were not included in the long-term METH study were transferred to UCLA and housed in individual cages for the duration of the study. The animals were habituated to sitting in a customized primate chair for 2 weeks before the pharmacokinetics study.
METH administration and experimental design. On the study day, the animal was placed in the chair and a catheter was inserted in the tail vein 30 min before injection of 0.2 mg/kg S-( + )-methamphetamine hydrochloride, i.m. (Sigma-Aldrich, St Louis, MO). Blood samples were obtained at 0.25, 0.5, 0.75, 1, 2, and 4 h. The animal was returned to its cage and blood samples were obtained at 6, 8, 10, 12, and 24 h from either the tail or femoral vein while temporarily restrained; the plasma fraction was frozen at À801C until analyzed.
Pharmacokinetic modeling. The pooled data representing all animals' blood samples were used to derive pharmacokinetic parameters for METH. The data were fitted to an open two-compartmental model with no lag time. The appearance of AMPH in the plasma following the METH dose was fitted to a one-compartmentFfirst order appearance and elimination, no lag time model (WinNonlin, 3.0 program; Pharsight Corp, Mountain View, CA). An i.v. route of administration was used to model the METH plasma concentrations, based on the relatively rapid absorption following i.m. injection, ie the highest METH plasma concentration was measured at the first data point at 15 min, followed by rapid decreases by the second data point at 30 min. Metabolism-generated AMPH plasma concentrations were factored into the monkey model.
Pharmacokinetic parameters for the human METH exposure were obtained from prior human METH studies (Cook et al, 1993) and used in a one-compartment i.v. bolus, no lag time, first order elimination model. AMPH concentrations were not factored into the human profile insofar as metabolism-generated AMPH plasma concentrations are relatively low, being 10-20% that of METH (Cook et al, 1993) . Additionally, modeling parameters for metabolism-generated AMPH could not be estimated since its rate constants have not been reported for humans.
Study 2: Escalating Dose-METH Exposure
Subjects and housing. The focal subjects in this study were 12 adult male vervet monkeys (age range 6.9-9.9 years, weight range 6.8-8.7 kg) that were housed in three outdoor social groups at the joint UCLA/VA Vervet Research Colony. Each outdoor enclosure measured approximately 30 m 2 and contained perches, play structures, swings, and other toys. All focal subjects were vasectomized before the beginning of the study.
The social groups were formed and allowed to habituate for approximately 3 months before study initiation. After focal subjects were randomly assigned to a group, they were randomly designated as either METH or Control subjects so as to reduce confounds with dominance rank effects on behavior: two METH and two Control focal subjects in each of three social groups concurrently. Each group also consisted of 3-4 adult females, 2-7 juveniles, and 0-3 infants, with no other adult males present throughout the study. One METH subject died of an unknown illness during the study. There was no evidence that experimental manipulation caused this death. Subjects were always housed within their social groups except during experimental manipulations.
Capture training and distress ratings. During the habituation period, focal subjects were trained to accept daily capture and injections (see Supplementary Information for details).
Experimental design. The study took place over a 1-year period. An initial 3-month habituation was followed by a 4-week pretest period (Baseline), 8 Dose periods (Dose 1-8) of 4-5 weeks each, and a 3-week abstinence (Post-test) period (Table 1) .
Methamphetamine administration. METH subjects were administered S-( + )-methamphetamine hydrochloride, i.m.
(Sigma-Aldrich) dissolved in saline (volume of 0.3-0.4 ml) at the daily dose and frequency shown in Table 1 . Control subjects received a comparable volume of saline at the same frequency as the METH subjects. Personnel performing the injections were blind to the condition of all subjects.
Behavioral observations. Behavioral observations were collected on all focal subjects using a one-zero sampling technique (Martin and Bateson, 1993) for 17 individual behavioral categories. A behavior was scored if it occurred one or more times during a 1 min focal subject sample interval. Each session consisted of six 1 min intervals per focal subject. The 17 behavioral categories were subsequently condensed into 4 composite behavior scores: abnormal, aggression, anxiety, and social behavior. Three different observers were used throughout the study. Initial interobserver reliability tests showed a high correlation (0.90 or greater) between different observers. During the Baseline and Post-test periods, the subjects were observed for a total of eight morning (AM) sessions and eight afternoon (PM) sessions. During the Dose periods (Doses 1-8), focal subjects were observed each week for AM and PM sessions during the final injection day ('injection') of the week, usually on Thursday, and on the following no-injection day ('no injection'), usually on Friday. This resulted in AM and PM observation sessions during an 'injection' day and a 'no injection' day for each week of the Dose periods. The AM observations occurred within 60 min of the first daily dose. PM observations occurred within 60 min of the last dose of the day (PM observations for Doses 1, 2, and 3 were conducted in the absence of afternoon injection).
Activity monitors. Activity levels were recorded using Actiwatch AW-64 activity monitors (Mini Mitter; Bend, OR). The monitor was attached to the animal's leather identification neck collar and worn continuously for 4-week period. Specific subsets of this massive dataset were averaged for statistical analysis. During each week of the Dose periods, a mean hourly activity count was calculated for each subject across the 4 h immediately following the last injection of the week (usually a Thursday). Similar Animals were anesthetized on the first monday of every 4-week dose period for downloading data from activity monitors attached on neck collars. No drug/saline injections occurred on those days. Accordingly, for the no. of injections per week column, the first number refers to the number of injections on the first week of the 4-week dose period; the second number refers to the number of injections for weeks 2, 3, and 4 of each dose period.
hourly activity means were calculated for all subjects across the same 4 h of the day on the three subsequent 'no injection' days (Friday, Saturday, and Sunday). These data were averaged for each subject across the four 8-week DoseAnalysis periods and used in a three-way repeated-measures analysis of variance (ANOVA) with one between-subjects effect of Treatment (either METH or Control) and two within-subjects effects of Analysis periods and Observation day (injection dayFThursday, Friday, Saturday, and Sunday; see Supplementary Information for details).
Baseline/post-test and dose period behavior comparisons.
To simplify the data analysis and to increase the number of behavioral observations per condition, the behavioral data from the eight 4-week Dose periods (Table 1) were collapsed into four 8-week Dose-Analysis periods. All analyses of the behavioral data used two separate repeated measures ANOVA. Behavioral data for the Baseline and Post-test periods were analyzed separately from data for the Dose periods. The first type of ANOVA used one betweensubjects effect (Treatment (either METH or Control)) and one within-subjects effect (Condition (either Baseline or Post-test)). The second type of ANOVA used one betweensubjects effect and two within-subjects effects. The betweensubjects effect was Treatment (same as above). The first within-subjects effect was represented by the four 8-week Dose periods (as Dose 1, 2; Dose 3, 4; Dose 5, 6; and Dose 7, 8). The second within-subjects effect was Observation day (either the 'injection' day or the 'no injection' day of each week). When applicable, mean scores for each dependent variable were calculated for each subject across each of the independent variables. These data were then used as the raw data for all ANOVAs. All data analyses were done on both AM and PM sessions. Preliminary analyses indicated no consistent time of day effects, so all behavioral data were collapsed across AM and PM observational sessions. Statistical analyses were performed using the SAS programming language (SAS 9.0, Cary, NC) and SPSS (SPSS 11.5) and expressed as mean7SEM.
METH and AMPH plasma analysis. To obtain blood samples for quantification of plasma METH and AMPH concentrations, animals were anesthetized with ketamine (8-10 mg/kg, i.m.) at 24 h following the final METH injection (0.6 mg/kg, i.m.) of the study; 10 min later, blood samples were taken from the femoral vein, centrifuged, and the plasma fractions were stored at À801C until analyzed for METH and AMPH by GC-MS. and their analysis were adapted from previously reported studies (see Supplementary Information for details). The precommisural striatum that contained the caudate, putamen, and nucleus accumbens was selected for the autoradiography and HPLC studies based on the corresponding coronal image (coronal slice + 13.95 mm) of our Internet-based atlas of vervet brain (available at http://labs.pharmacology.ucla.edu/mellab/vervet_atlas/index.html). Contiguous sections were used for the different ligands. The atlas image as identified in our vervet brain atlas and schematic (see Figure 5) show the relative locations of the five circular (2 mm diameter) regions of interest (ROIs) for the dorsal caudate, ventral caudate, dorsal putamen, ventral putamen, and nucleus accumbens that were then mapped onto the corresponding digitized autoradiography sections for quantitative analysis. The binding density in each of these ROIs for each animal and each ligand was calculated by subtracting the nonspecific binding from the total binding; the final binding density was then calculated from the mean of triplicate determinations.
GC-MS
Statistics. Repeated measure ANOVAs were performed for analyte content and ligand-binding values in striatal regions using Treatment (METH vs Control) as the betweensubjects factor and brain region (dorsal caudate, ventral caudate, dorsal putamen, ventral putamen, and nucleus accumbens) as the within-subjects factor. Separate ANOVAs were performed for each dependent measure. The following six dependent measures were analyzed separately using the same design: DA, DOPAC, HVA, HVA/DA ratio, 5-HT, and 5-HIAA; a was set at 0.01.
RESULTS

Pharmacokinetic Studies
Values of pharmacokinetic parameters for METH and metabolism-generated AMPH were derived from the single-injection METH study: METH half-life, 4.1 h; AMPH half-life 17.3 h (Figure 1) . Those values were used for model fitting of multiple METH doses (see Supplementary Information for details).
Pharmacokinetic Models
The pharmacokinetic parameters from METH Study 1 were used to model the time course of weekly plasma concentrations of METH and its metabolite AMPH in the monkey for the final 9 weeks of Dose periods 7 and 8 (see Table 1 ) that consisted of three daily METH doses of 0.6 mg/kg, at 3 h intervals for 4 days/week. Since significant behavioral alterations were observed during both METH 'injection' days and 'no injection' days for this period, plasma METH and AMPH concentrations were measured at 24 h following the last METH injection of the final week to provide partial validation of the model estimates. Other time points could not be obtained during the METH administration period because the ketamine anesthetic necessary for obtaining blood samples is associated with residual behavioral effects up to 24 h that would have confounded ongoing behavioral observations (Huff et al, 2003) .
The pharmacokinetic modeling of the daily METH doses resulted in estimated plasma METH concentrations with Cmax 175-250 mg/l (1.2-1.7 mM) and Cmin 70-100 mg/l (0.5-0.7 mM) between injections. The calculated plasma METH and AMPH concentrations at 24 h after the last dose of the highest METH administration regimen were 7 mg/l (0.05 mM) for METH and 131 mg/l (B1.0 mM) for AMPH. At that same time point, the measured plasma concentrations (mean7SEM) were 2.771.4 mg/l (0.02 mM) for METH and 14872.7 mg/l (1.1 mM) for AMPH, closely approximating the predicted values (Figure 2) . The model also predicted that METH and AMPH had been cleared from the body by 72 h following the last METH dose of the week.
Since pharmacologically active AMPH concentrations were present throughout these weekly injection periods, a summed plasma AMPH plus METH ('amphetamines') concentration profile was generated for comparison with a human METH 'maintenance' exposure pattern. Based on our recent observations that a significant number of METH abusers had blood METH concentrations in the 1-3 mM range (Melega et al, 2007) , we calculated that a plasma concentration range similar to the monkey 'amphetamines' profile would be attained by multiple doses of 0.4 mg/kg. Accordingly, the human modeling consisted of a human 'METH maintenance' pattern of three daily doses of 0.4 mg/kg, i.v. at 3 h intervals for 4 days/week (Figure 2 ). Both plasma curves showed a Cmax range of 2-3 mM, with significant concentrations of drug persisting between injection days, and essentially complete drug clearance by 3 days after the last exposure of the week. Areas under the curve for drug plasma concentrations vs time were comparable (monkey 'amphetamines' was 87% that for human METH), suggesting that the 'amphetamines' brain effects from this experimental exposure are relevant for extrapolation to analyzing a corresponding exposure in humans.
Distress Ratings for Capture and Injections
A lack of aversion to the passive injections over time was suggested from the distress ratings that progressively Upper: kinetic modeling of METH) and metabolism-generated plasma AMPH concentrations in the vervet monkey resulting from METH (0.6 mg/kg, i.v.) administered for 3 doses/day at 3 h intervals for 4 days. At 24 h following the last day of this schedule, the calculated plasma concentrations were 7 mg/l (0.05 mM) for METH and 131 mg/l (B1.0 mM) for AMPH. The measured concentrations (mean7SEM) in the METH subjects (n ¼ 5) were 2.771.4 mg/l (0.02 mM) for METH and 14872.7 mg/l (1.1 mM) for AMPH. Middle: kinetic modeling of the summed plasma METH and AMPH concentrations estimated for the vervet monkey resulting from a METH exposure of 3 doses/day at 3 h intervals of METH (0.6 mg/kg, i.v.) for 4 days. Lower: kinetic modeling of plasma METH concentrations estimated for the human resulting from a METH exposure of 3 doses/day at 3 h intervals of METH (0.4 mg/kg, i.v.) for 4 days.
decreased throughout the study (see Supplementary Information for details).
Dose Period Comparisons
The analysis of the dependent variables below shows the behavioral composite scores for the Control and METH subjects across the four Dose Analysis periods (Figure 3 , solid lines).
Abnormal Behavior Composite Score
Dose-dependent increases in species-typical stereotypic actions were observed in the METH subjects (Figure 3a) . The Abnormal behavior composite score analysis showed that all main effects, two-way interactions, and the threeway interaction of Treatment Â Analysis Period Â Observation day (F(3, 27) ¼ 15.08, po0.0001) were significant. Post hoc tests of simple main effects indicated significantly higher levels of abnormal behavior during 'injection' days compared to 'no injection' days for METH subjects at Dose 5, 6 and Dose 7, 8 (po0.05). METH subjects also showed significantly higher levels of abnormal behavior during Dose 7, 8 compared to the other three Dose periods (Dose 1, 2; 3, 4; 5, 6; po0.05). This increase was significant for both 'injection' days as well as for 'no injection' days. In addition, METH subjects showed significantly higher levels of abnormal behavior compared to Controls only during Dose 7, 8 (po0.05). This difference was also significant for both 'injection' days as well as for 'no injection' days.
Aggression Composite Score
Levels of aggression changed across Dose periods for both Control and METH subjects (Figure 3b) . Analysis of the Aggression composite score showed a significant effect of Dose-Analysis period (F(3, 27) ¼ 8.83, po0.001) and a significant Treatment Â Analysis period interaction (F(3, 27) ¼ 3.74, po0.05). For Controls, levels of aggression were significantly higher during the time period of Dose 7, 8 than at Dose 3, 4. For METH subjects, aggression was significantly higher at Dose 1, 2 compared to Dose 3, 4 and Dose 5, 6.
Anxiety Composite Score
Increases in the anxiety scores were observed in the METH subjects for most Dose-Analysis periods during 'no injection' days when AMPH but not METH was present in pharmacologically active concentrations (Figure 3c ). The Anxiety composite score analysis showed a significant three-way interaction of Treatment Â Dose-Analysis Figure 3 Behavioral composite scores are shown for Control (n ¼ 6) and METH (n ¼ 5) subjects for the 4-week Baseline and Post-test periods (solid bars). Across the four 8-week periods of drug exposure (see Table 1 ), average behavioral scores (mean7SEM) are shown for the last day of the weekly METH or saline injections (D, 'injection') and the following day without injections (', 'no injection'). Significant post hoc comparisons between 'injection' and 'no injection' days are indicated (*po0.05). Results are shown for the dependent behavioral composite scores (a) Abnormal, (b) Aggression, (c) Anxietyrelated, and (d) Social.
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period Â Observation day (F(3, 27) ¼ 6.70, po0.01). Tests of simple main effects indicated METH subjects showed significantly lower levels of anxiety-related behavior during 'no injection' days compared to 'injection' days for Dose 1, 2, but showed significantly higher levels of anxiety during 'no injection' days compared to 'injection' days for Dose 3, 4; Dose 5, 6; and Dose 7, 8 (po0.05). In addition, METH subjects during 'no injection' days showed significantly higher levels of anxiety-related behavior during Dose 5, 6 and Dose 7, 8 compared to Dose 1, 2 (po0.05). Control subjects also showed higher levels of anxiety-related behavior during Dose 7, 8 compared to Dose 1, 2 during 'no injection' days (po0.05).
Social Behavior Composite Score
The METH subjects generally showed lower social behavior on 'injection' days, ie following METH administration (Figure 3d) . Analysis of the social composite scores showed a significant Treatment Â Dose-Analysis period interaction (F(1, 9) ¼ 8.18, po0.05). Control subjects showed relatively similar levels of social interaction during 'injection' and 'no injection' time periods, while METH subjects showed significantly lower levels of social behavior on 'injection' days (po0.05). There was also a significant Treatment Â Dose-Analysis period interaction (F(3, 27) ¼ 4.24, po0.05). For both METH and Control subjects, levels of social behavior were significantly higher on 'no injection' days compared to 'injection' days for Dose 5, 6 and Dose 7, 8 (po0.05).
Baseline/Post-Test Behavior Comparisons
No significant differences were found between the Control and METH subjects across the Baseline and Post-test periods (Figure 3 , indicated by the solid bars for each behavior). Results indicated no significant main effects for Treatment or Condition, and no significant interactions for the Abnormal, Social, or Anxiety composite behavior scores. Levels of Aggression tended to decrease between Baseline and Post-test periods for both sets of subjects, but this reduction was not significant (F(1, 9) ¼ 3.69, p ¼ 0.087). There were no significant changes between pre-and poststudy weights for either group (see Supplementary Information for details).
Activity Monitor Data
Activity changes were analyzed for 4 h time periods following the last injection of the week on Thursday and for the same time periods on the following Friday, Saturday, and Sunday. Increases in activity changes were observed in the METH subjects for Dose period 5, 6 and more so for period 7, 8 when the METH doses were highest. The repeated-measures ANOVA showed a significant threeway interaction of Treatment Â Dose-Analysis period Â Observation day (F(9, 81) ¼ 3.14, po0.01). Post hoc tests of simple main effects indicated significantly higher activity counts for the METH subjects compared to Controls (Figure 4) 
Striatal Dopamine and Serotonin Content
In the 5 mm block of brain tissues contralateral to those used for the ligand-binding studies, regions of caudate, putamen, and nucleus accumbens ( Figure 5 ) were dissected for quantitation of DA and 5-HT and their respective metabolites by HPLC-ED. The METH subjects had approximately 20% lower DA content, 11.270.5 mg/g wet weight, compared to controls, 13.870.5 mg/g (mean7SEM across all five regions). Analysis of DA content indicated a significant effect of condition (F(1, 9) ¼ 13.70, po0.005), and a significant effect of brain region (F(3, 27) ¼ 61.21, po0.0001), but no significant interaction (F(3, 27) ¼ 1.76, NS). Analysis of the DOPAC-, HVA-, 5-HT-, and 5-HIAAdependent measures all yielded significant effects of region (DOPAC: F(3, 27) ¼ 16.47, po0.0001; HVA: F(3, 27) ¼ 32.42, po0.0001; 5-HT: F(3, 27) ¼ 7.28, po0.001; 5-HIAA: F(3, 27) ¼ 43.59, po0.0001) (see Supplementary Information for 5-HT, and 5-HIAA mg/g wet weight values). For all four of these dependent measures there were no significant effects of condition and no significant condition Â region interactions. HVA/DA ratios for the METH subjects were approximately 30% higher than controls. The analysis showed a significant effect of condition (F(1, 9) ¼ 35.93, po0.001) and a significant effect of region (F(3, 27) ¼ 54.38, po0.0001) but no significant interaction (F(3, 27) ¼ 2.11, NS). Activity levels (mean7SEM) were obtained with activity monitors and are shown for the 4 h period following the final 'injection day' of each week (Thurs), and for the same time periods on the subsequent three 'no injection' days. METH subjects (n ¼ 5) showed higher activity levels than Controls (n ¼ 6) only during later dose periods (Dose 5, 6 and Dose 7, 8) as measured for the 4 h period on the final 'injection day,' and for the same time period on the following 'no injection' Friday (*po0.05).
(F(4, 36) ¼ 22.09, po0.001), but showed no significant interaction (F(4, 36) ¼ 1.43, NS). showing the precommissural striatum corresponding to the region used for autoradiography studies. Upper right: analysis-ROI labeled over representative areas containing dorsal caudate (Dors Caud), ventral caudate (Vent Caud), dorsal putamen (Dors Put), ventral putamen (Vent Put), and nucleus accumbens (Acc). DA and HVA content in regions of precommissural striatum following an 8-month escalating dose-METH exposure and 3 weeks of abstinence in METH subjects (n ¼ 5) and control (n ¼ 6) subjects. Upper: DA content; Middle, HVA content; Lower, HVA/ DA ratios. For the METH subjects, DA was significantly lower (20%) and HVA/DA significantly higher (30%) across the five striatal regions relative to controls (po0.05). 
DISCUSSION
The aim of this study was to establish in socially housed vervet monkeys a profile of behavioral and brain alterations resulting from modeling an ED-METH exposure extending over 8 months. The principal observations were dosedependent increases in abnormal and anxiety-related behaviors, activity levels, and decreases in aggression. None of those behavioral changes, however, were observed during a subsequent 3 weeks of drug abstinence despite 35% lower striatal DAT ligand binding and 20% lower DA content measured after that observation period. The brain alterations resulting from this low to moderate METH exposure with peak blood concentrations less than 3 mM were not characteristic of extensive neurodegeneration, but did suggest a relatively low threshold for METH-induced persistent effects on presynaptic striatal DA system integrity.
Pharmacokinetic Modeling
We addressed issues not frequently included in nonhuman primate METH studies, eg species-specific pharmacokinetic modeling coupled with escalating doses/frequency of administration to group-housed subjects in sufficient numbers for both behavioral and brain statistical analyses. Recognizing that no one experimental protocol can model all aspects of human METH exposure patterns, we used an ED-METH protocol to model some of the predominant features that frequently accompany drug abuse, namely, a gradual increase in dose and frequency of administration. Yet, caveats remain. For example the periodic increases in the experimental dosing regimen did not parallel the inconsistent METH intake quantities associated with most human abuse patterns. However, periodic use has also been reported in human METH studies, with majority patterns characterized by 2-3 injections/day for 1-2 days/week (Miyazaki, 1986; Zule and Desmond, 1999) , and 1-3 times /day for 3-20 days/month (Simon et al, 2002) FMETH frequency ranges that did correspond to our experimental protocol. Although the METH doses we modeled were less than the daily 0.5-1 g quantities self-reported in the human study by Simon et al, those amounts may represent overestimates since they were not independently verified for either METH quantity or drug purity. Nonetheless, the estimated peak plasma METH concentrations of 1-3 mM during the past 2 months of this experimental exposure did correspond to plasma METH concentrations measured in several studies of human abusers (Miyazaki, 1986; Logan et al, 1998; Melega et al, 2007) .
Lastly, since the passive administration of METH by i.m. injections was not intended to model the i.v. or smoking routes of self-administration and its associated acute behavioral changes, the behavioral effects we observed were interpreted as a function of cumulative plasma METH and AMPH concentrations as achieved throughout this study. Accordingly, the time frame for the emergence of behavioral alterations consequent to those METH exposures did represent conditions that paralleled some aspects of human abuse, eg emergence of abnormal behaviors at higher doses.
Behavioral Alterations
During the first 2 months of infrequent exposure (1-2 doses/week), METH-induced changes in the behavioral composite scores were minimal but became apparent with multiple doses, and further increased when dose quantity and administration frequency escalated to 2-3 daily doses for 4 days/week for Dose periods 5, 6 and 7, 8.
The plasma METH and AMPH concentration profiles as calculated for those two final analysis periods provided a pharmacokinetic model for assessing behavioral changes during both METH 'injection' and 'no injection' days. For example, during Dose 5, 6 and 7, 8, the Abnormal behaviors were increased on 'injection' days and then markedly decreased on the subsequent 'no injection' days. However, at those times, plasma AMPH concentrations ( Figure 2 ) were still in a pharmacologically active range (132 mg/l, B1 mM), indicating significant pharmacological tolerance in the presence of AMPH. Although the pharmacodynamic effects of AMPH were not assessed independently in this study, prior studies have established, in vivo, that METH and AMPH are equipotent for increasing extracellular DA concentrations in rodent striatum (Kuczenski et al, 1995; Melega et al, 1995) . Thus, the lack of efficacy by AMPH to sustain the abnormal behaviors may be due to either depletion of DA content and/or adaptations associated with lower DAT availability.
However, this observation of behavioral tolerance in the presence of pharmacologically active plasma AMPH concentrations was not apparent in the analysis of the other behaviors. Anxiety measures of the METH subjects increased on 'no injection' days from Dose 3, 4 to 7, 8, while the Aggression composite scores showed decreases on both 'injection' and 'no injection' days, not paralleling either the pattern of Abnormal or Anxiety measures. It is likely that expression of those behaviors was a function of the pharmacological actions of METH and AMPH and subsequent complex behavioral interactions within the social groups. For example, METH and AMPH exposure in both clinical and experimental studies have often been associated with increases in the rates of aggression, however, we observed consistent decreases in the METH subjects between Dose periods 3, 4 and 7, 8. Here, the extent of AMPHs-associated aggression was likely affected by the overall dynamics of the social environment that constrained rather than provoked its expression (Miczek and Gold, 1983; King and Ellinwood, 1992) .
For all Dose periods, the housing of control and METH animals in the same social setting for longitudinal behavioral assessments showed the necessity of having a control group rather than a within-subject study design. For example, increases observed in affiliative social behavior were time dependent, irrespective of METH treatment. Those increases likely resulted from the continuing habituation of the group throughout the 8 months of drug exposure, and also may have offset negative group interactions insofar as drug-induced aggression increases did not materialize during any Dose period. Yet, METHdependent effects could still be distinguished in the social group environment as evidenced by increases in activity only in the METH subjects following their last dose of the week while Control subjects' activity remained unchanged over the same time period.
Overall, we conclude that the rather limited expression of the METH-associated behavioral effects observed in this study was related to the species-typical social environment provided by the group housing. Nonetheless, the timedependent changes in Abnormal and Anxiety behaviors that could be reliably assessed on 'injection' and 'no injection' days provide an experimental platform for the evaluation of pharmacological interventions. This social model may represent a more realistic setting to assess drug-induced behaviors than in animals evaluated in isolated conditions. Housing condition as an experimental variable has been studied across a range of monkey species and those results have consistently shown that measures of behavioral indices (eg stereotypy and abnormal behavior), are reduced in socially housed animals as compared to those individually housed (Gust et al., 1993; Lutz et al., 2003) . For comparison, METH and AMPH dosages similar to that administered in our study resulted in more prolonged and extreme behavioral alterations in male-only groups (Machiyama, 1992) and in singly-housed animals (Castner and GoldmanRakic, 1999 ).
Brain Alterations
Subregions of precommissural striatum were evaluated to establish a potential heterogeneity of deficits (putamen4 caudate44nucleus accumbens regions) as we had observed in prior studies for DA content and immunoreactivity of DA system markers (TH, DAT, and VMAT) with acute METH exposure of two doses of 2 mg/kg, i.m., 24 h apart (Harvey et al, 2000) . That dosage resulted in significantly greater decreases in both DAT (75-90%) and VMAT (40-60%) measures whereas only moderate decreases in DAT (35%) and VMAT (10%, NS) ligand binding resulted from the present ED-METH exposure. The apparent greater sensitivity of the DAT to METH's actions was consistent with prior observations following ED-METH exposure in rodents (Segal et al, 2003 (Segal et al, , 2005 . Since parallel losses of both DAT and VMAT binding have been used as indirect evidence for structural loss of DA terminals (Frey et al, 1997) , the finding of predominantly lower DAT binding suggested that neuronal loss/axonal degeneration was not a significant component of the neurotoxicity profile. These findings parallel the lower striatal DAT ligand binding (30-50%) without significant changes in VMAT (Wilson et al, 1996) , observed in a post-mortem human study conducted on individuals whose final METH exposure (plasma METH concentrations, range 12-84 mM) was associated with their imminent death.
Likewise, the DAT ligand-binding results in this monkey study were similar to those obtained from PET imaging of abstinent human METH abusers. After several months of abstinence, those individuals showed 15-30% lower striatal DAT ligand binding. The changes in the DAT were rather limited as suggested by the extensive overlap of individual values shown in the scatter plots of METH and control groups (Volkow et al, 2001; Johanson et al, 2006) . Similarly, a recent PET imaging study that assessed both DAT and VMAT ligand binding in METH-dependent individuals reported lower values of only 15 and 10%, respectively, compared to controls (Johanson et al, 2006) . Since only subjects who met DSM-IV criteria for METH dependence (ie not infrequent or short-term abusers) were imaged in these studies, it is not likely that individuals with a greater magnitude or duration of exposure will be characterized, in vivo, in the future. Thus, it appears that METHassociated decreases in DAT ligand binding with minimal or no changes for VMAT are observed in both human and animal studies and future research should be directed to determining the functional significance of that profile of striatal DA system alterations.
Although comorbid psychiatric disorders as well as ongoing or prior use of other drugs (eg nicotine and alcohol) may be contributing factors that further distinguish human METH brain profiles, our animal model results demonstrated that those factors were not necessary concomitants of METH-induced presynaptic striatal DA system deficits, as indicated by the 20% lower DA content and 35% lower DAT binding. The absence of changes in other measured parameters, eg DA D1 and D2 receptor densities, suggested that a higher cumulative dosage than administered in this study may be necessary for such METH-induced alterations. However, the few human studies that have assessed DA D2 receptors in METH abusers have not shown marked decreases in these parameters. For example, in [
11 C]raclopride-PET studies, decreases in DA D2 receptor availability of only 10% in putamen and 16% in caudate were measured (Volkow et al, 2001 ) while a post-mortem study showed a trend of 25% decreases in D2 receptor protein levels (Worsley et al, 2000) . The range of cumulative METH exposure patterns for those individuals may have contributed to the variability of those measures. We hypothesize that with our escalating dose-METH model, exposure to higher peak plasma METH concentrations than achieved in the present study will result in DA receptor density alterations.
Although the striatum was the focus of biochemical analysis for this study, METH's actions also impact biogenic amine systems throughout cortical and limbic brain regions. METH-induced pharmacologic effects within those systems also likely contributed to the observed changes in behavior. However, given the relatively small magnitude of striatal DA and DAT alterations in this study, detection of biochemical changes in other regions with sparser DA and 5-HT innervation was not apparent and may only be associated with greater METH exposure.
In conclusion, this METH administration protocol in the monkey modeled some aspects of a human daily multiple dose exposure and caused significant behavioral alterations in categories relevant to the human METH condition, eg anxiety, abnormal behavior, that were likely the result of alterations in both dopaminergic and nondopaminergic systems. The absence of changes in the monitored behaviors during the METH abstinence period could signify that the reductions in the striatal DA and DAT measures were not of sufficient magnitude to effect changes in those behaviors, or that they were not relevant to their expression. Conversely, we propose that other biologic stressors, either pharmacologically or environmentally induced, acting on a compromised DA system and downstream circuits will produce METH-related behavioral effects in the absence of drug. Identification of those factors would suggest targeted pharmacotherapy for the treatment of behavioral disorders associated with long-term METH exposure. For addressing public health concerns related to METH abuse, the present results show that an escalating dose METH exposure, not associated with acute high-dose binges, is sufficient to produce presynaptic striatal DA system alterations that persist at least 3 weeks after last exposure.
